We characterized the gene conversions between the human folate receptor (FOLR) genes and those of five other primate species. We found 26 gene conversions having an average length of 534 nucleotides. The length of these conversions is correlated with sequence similarity, converted regions have a higher GC-content and the average size of converted regions from a functional donor to another functional donor is significantly smaller than the average size from a functional donor to a pseudogene. Furthermore, the few conversions observed in the FOLR1 and FOLR2 genes did not change any amino acids in their coding regions and did not affect their promoter regions. In contrast, the promoter and coding regions of the FOLR3 gene are frequently converted and these conversions changed many amino acids in marmoset. These results suggest that purifying selection is limiting the functional impact that frequent gene conversions have on functional folate receptor genes.
Introduction
The human folate receptor gene family is located at chromosome 11q13-14. Folate receptors participate in the binding and transport of folate (a variety of vitamin B9) and the naturally occurring form of folic acid [1, 2] . Folic acid derivatives have been found to be critical for purine synthesis, cell division, tissue growth and DNA methylation [3] .
In humans, the folate receptor gene family consists of three functional genes FOLR1, FOLR2 and FOLR3 in addition to two nonfunctional pseudogenes FOLR1P1 and FOLR3P1 [4, 5] . FOLR1 is the most widely expressed folate receptor gene in adult tissues and produces a variety of transcripts through simple or complex alternative splicing [6] . FOLR2 is mainly expressed in placental tissue while FOLR3 is a secretory molecule expressed predominantly in hematopoietic cells [5, 7] . Of the three functional FOLR genes, FOLR1 is likely the most important because mutations in this gene have been shown to result in neural tube malformations and brain-specific folate transport deficiencies leading to neurodegeneration early in childhood [8, 9] . Furthermore, mice gene knockout studies have shown that FOLR1 is essential for neural tube development whereas knockouts of FOLR2 have a normal phenotype [6] . There is still little information on the role of the FOLR3 receptor [10] .
Much is known about the expression and organization of these folate receptor genes due to their potential affiliation with disease, specifically neural tube defects (NTDs). Embryonic neural tubes form the brain and spinal cord during the development of the embryo. If the neural tubes fail to close properly, the results are congenital malformations known as neural tube defects. Though well studied, causes for NTDs still remain largely unknown. Many studies, however, highlight the little understood protective effects of folic acid supplementation during pregnancy [3, 4, 10, 11] . Due to this phenomenon, the folate receptor genes have been recognized as a means to better understand NTDs and they have been the focus of numerous studies (e.g., ref. [2, 6, 8] ).
Gene conversions are a type of homologous recombination that involves the unidirectional movement of genetic material from a donor sequence to an acceptor sequence. Conversion events have been found to be connected to a variety of human inherited diseases, especially when mutations that accumulate in nonfunctional pseudogenes overwrite essential components of a highly similar functional gene [12, 13] . Given that FOLR genes are located near one another on human chromosome 11, that they encode proteins having relatively high levels of sequence identity and that small gene conversion events have been shown to introduce deleterious mutations in some patients, it is therefore of interest to study the gene conversions occurring between FOLR genes as well as between them and their pseudogenes [1, 6, 8] .
The recent surge in available sequence data has facilitated the opportunity to further our understanding of the folate receptor gene family in humans as well as other primate species. Here, a comparative genomics study was performed on the effects of gene conversion in the folate receptor gene family of Homo sapiens (human), Pan troglodytes (chimpanzee), Callithrix jacchus (marmoset), Nomascus leucogenys (gibbon), Pongo abelii (orangutan), and Macaca mulatta (rhesus monkey). In particular, we wanted to determine whether gene conversions were less frequent between functionally more important genes or gene regions. Since one would expect functionally important genes to be evolving under stronger purifying selection, one would expect that the impact of gene conversions would be lesser between functionally more important genes and gene regions. Our results do show that gene conversions are less frequent, do not lead to amino acid changes and do not affect the promoter regions of the functionally more important FOLR1 and FOLR2 genes. This suggests that stronger purifying selection is acting on functionally more important genes and gene regions.
Results

Gene conversions
We did not detect any gene conversion events between the three gibbon FOLR genes (results not shown). A total of 26 conversion events, spanning both exons and introns, were detected between the FOLR genes of the other five primate species (Table 1) . Functional genes are 17 times donor sequences and 12 times acceptor sequences, whereas pseudogenes are 9 times donor sequences and 14 times acceptor sequences (Table 1) . Compared with an average of 14.5 times, the functional genes are not more often donor or acceptor (χ 2 -test; p = 0.35). Similarly, compared with an average of 11.5 times, the pseudogenes are not more often donor or acceptor (χ 2 -test; p = 0.30). The smallest of these gene conversions is 27 nucleotides long and the largest is 1727 nucleotides long. The average size (±standard error) of these 26 conversions is 534 ± 97 nucleotides. The average size of conversions involving functional genes as acceptors (±standard error) is 482 ± 130 bp whereas those involving pseudogenes as acceptors is 545 ± 146 bp. These length differences are not statistically significant (t-test, p = 0.62). Interestingly, the average size (±standard error) of converted regions from a functional donor to another functional donor (141 ± 34 bp) is significantly smaller than the average size from a functional donor to a pseudogene (665 ± 157 bp; t-test, p = 0.007). Fig. 1 shows the distribution of each conversion event along with its approximate length.
Converted regions are more GC-rich than non-converted regions. When considering the 20 conversions larger than 100 nucleotides long, the average GC-content (±standard error) of the converted regions is 58.61% ± 0.89 and is significantly larger than that of the nonconverted regions (48.36% ± 0.5, t-test, p = 9.2 × 10
−13
). For this analysis, we only considered conversions larger than 100 bp to minimize the effect of stochastic variation.
Correlation between sequence similarity and length of gene conversions
A correlation test was performed in order to examine the effect of overall sequence similarity on the length of conversion events; similarities between converted sequences are listed in Table 1 . Similarities between both the coding and full genomic sequences were tested for their potential effects on conversion lengths. Coding sequences contain only coding sequences (exons) whereas genomic sequences contain exons and introns. Positive correlations are present between sequence similarity and gene conversion length (Spearman rank correlation tests, coding ρ = 0.61, 0.81, 0.93, 0.87, 0.61; genomic ρ = 0.86, 0.77, 0.93, 0.87, 0.65 for human, chimp, orangutan, rhesus and marmoset, respectively) but only the rhesus correlation is significant (coding, p = 0.005; genomic p = 0.005). The absence of significant correlations for most species is likely due to the low number of data points. For example, orangutan, human and chimpanzee only have three or four data points (Table 1) . Performing correlation analyses on all primate species yields significant correlations for both coding and genomic sequences (Spearman rank ; genomic ρ = 0.72, p = 3.4 × 10
).
Phylogenetic analyses
Phylogenetic trees are useful tools in the detection of conversion events. When conversions are large enough they can cause sequences to be grouped together, breaking them away from their respective orthologous genes [14, 15] . Fig. 2 shows the phylogenetic tree for the genomic folate receptor sequences used in this study. Surprisingly, despite several conversion events within studied folate receptor sequences, most of the phylogenetic relationships amongst the six primate species remain intact. Only the marmoset displays phylogenetic evidence of gene conversion between the FOLR3 and FOLR3P1 sequences because the FOLR3 gene is grouped with the FOLR3P1 pseudogene rather than with the orthologous FOLR3 genes from the other primate species. This is due to the three conversions from the FOLR3P1 pseudogene to the FOLR3 gene which converted 2007 bp of the FOLR3 sequence to that of the FOLR3P1 pseudogene (Table 1) .
We determined the orthologous relationships of the non-human folate receptor genes using synteny and the phylogenetic tree presented in Figs. 1 and 2, respectively. All non-human genes were then renamed with respect to their human ortholog. Four of the six primate species each have 5 folate receptor genes while the marmoset appears to be missing the FOLR1P1 gene and gibbon is missing both FOLR1P1 and FOLR3P1. Furthermore, the orangutan FOLR2 and FOLR1 genes appear to have switched positions when compared to their positions in the human genome.
Number of gene conversions in different species
The number of gene conversions detected in the folate receptor genes varies in different species. Eight, seven, four, four, three and zero conversions are present between the rhesus monkey, Table 1. marmoset, human, chimpanzee, orangutan and gibbon genes, respectively. Although there is a correlation between the number of folate receptor genes in a species and the number of conversions observed (Spearman rank correlation tests; ρ = 0.43), this correlation is not significant (p = 0.39). This suggests that the number of conversions is not proportional to the number of genes present in a genome.
Direction of gene conversion events
The number, length and direction of the converted regions were obtained using the Hsu et al. method [16] and subsequently checked based on the patterns of nucleotide variation outside converted regions and the phylogenetic position of the relevant sequences (Table 1) . For example, if there was a gene conversion from nucleotides 7 to 10 between genes 1 and 2 of species A, with sequences ATGCATCGGCTGTTAG and ATGAGCCGGCATTTAA, respectively, and that a related gene from a closely related species has the sequence ATGCATCGGCTGTTAG, or ATGAGCTATAATTTAA, then gene 1 of species A converted gene 2 of species A and not the reverse. In this example, gene 1 is therefore the donor sequence and gene 2 the acceptor sequence.
In the rhesus monkey genes, the species where the most conversions were detected, the FOLR2 gene was twice a donor and never an acceptor and the FOLR3 gene was four times a donor and accepted one conversion. In addition, the human FOLR1 and the chimpanzee FOLR3 genes both converted their respective pseudogenes (FOLR1P1 and FOLR3P1, respectively) without ever being converted themselves. From a gene perspective, the FOLR1P1 gene took part in ten conversion events and it was exclusively an acceptor in all species except in the chimpanzee genome where it was a donor in a 738 bp long conversion (spanning 43 base pairs within and 556 base pairs beyond exon 4) of FOLR1. Likewise, the FOLR1 gene was converted an additional two times in rhesus and marmoset where each conversion was under 100 base pairs and occurlred in the end of exons 3 and 4, respectively. Moreover, the human FOLR1P1 gene was completely converted by the human FOLR1 gene with a conversion spanning 1727 base pairs. FOLR3P1 participated in a total of sixteen conversion events across all primate species acting as a donor seven times and an acceptor nine times. Ten out of these sixteen conversions involved FOLR3. FOLR2 is the gene which was the least involved in gene conversion events. It was converted twice and acted as a donor four times.
Distribution of gene conversions in folate receptor genes
The distribution of gene conversions varies from gene to gene within each species (Fig. 1) . Conversions detected in the FOLR3 and FOLR3P1 genes tend to be uniformly distributed along the lengths of the genes, especially in marmoset and rhesus monkey. Similarly, when FOLR1P1 is the acceptor in conversion events, they occur evenly over the whole length of the gene and even span the entire length of human FOLR1P1. In contrast, conversions were scarce in FOLR2 where only the second exon was partially converted in human and the last exon was converted in marmoset. Additionally, the FOLR1 gene accepted conversions exclusively in its last exon and beyond in chimpanzee and marmoset as well as the second to last exon in rhesus. Overall, no biases in the location of conversion events can be observed since they are either evenly distributed amongst the length of the gene or occur in different regions in each primate species.
Effects of gene conversions on primate folate receptor proteins
Few gene conversions affected the FOLR1 receptor genes and none of them caused amino acid changes. Of the FOLR1 receptor genes of the six primate species, only the coding regions of chimpanzee, rhesus monkey and marmoset were affected by one gene conversion each. In chimpanzee, the conversion of the FOLR1 gene by the FOLR1P1 pseudogene did not change any amino acids because the chimpanzee and the human amino acid sequences are identical in this converted region (Table 1, Fig. 3) . In rhesus monkey, the conversion from the FOLR3 pseudogene to the FOLR1 gene did not introduce any amino acid changes because all the amino acid observed in the variable sites of this region are also present in at least three other primate species (Table 1, Fig. 3 ). Only two amino acid changes are present in the region of marmoset FOLR1 gene which was converted by the marmoset FOLR3 gene (Table 1, Fig. 3 ). However, these two amino acid changes, at positions 210 and 231, were not introduced by the FOLR3 gene because the FOLR3 gene has different amino acids at these two sites (Fig. 4) . The two amino acid differences observed in the converted region of the marmoset FOLR1 gene therefore likely occurred after it was converted by the marmoset FOLR3 gene.
Similarly, only two gene conversions affected the FOLR2 receptor genes of the six primate species and none of them caused amino acid changes. In fact, only the human and marmoset coding regions were affected by one gene conversion each. In humans, the conversion of the FOLR2 gene by the FOLR3 gene did not change any amino acids because the human, chimpanzee, orangutan and rhesus monkey and amino acid sequences are identical in this region (Table 1 , Fig. 5 ). Only two amino acid changes are present in the region of marmoset FOLR2 gene which was converted by the marmoset FOLR3P1 pseudogene (Table 1, Fig. 5 ). However, these two amino acid changes, at positions 233 and 250, were not introduced by the FOLR3 gene because the FOLR3P1 pseudogene has different amino acids at these two sites (results not shown). The two amino acid differences observed in the converted region of the marmoset FOLR2 gene therefore likely occurred after it was converted by the marmoset FOLR3P1 pseudogene.
In the six species we analyzed, six gene conversions affected the coding regions of FOLR3 genes ( Table 1, Fig. 1 ). In humans and orangutans the FOLR3P1 pseudogene converted the FOLR3 gene once. These conversions, although they have similar lengths and location, likely occurred independently because such a conversion is not present in the chimpanzee genome. These two conversions did not cause any amino acid changes because, in the converted regions, the human sequence is identical to that of the chimpanzee (Fig. 4) . Furthermore, the three amino acid differences observed in the converted region of the orangutan sequence are different from the amino acids encoded by the orangutan FOLR3P1 pseudogene sequence at these three sites (Fig. 4 and results not shown). In marmoset, four conversions affected its FOLR3 genes, one from the FOLR2 gene and three from the FOLR3P1 pseudogene. The three conversions from the FOLR3P1 pseudogene cover the amino acids encoded by the first three exons of the FOLR3 gene and at least eight of the twelve amino acid differences observed in the protein sequence encoded by this gene are due to conversions from the marmoset FOLR3P1 pseudogene (Fig. 4 ).
Discussion
Numerous studies have previously reported the effects of mutations in the folate receptor genes of humans, especially in regard to NTDs [3, 4, 8, 10, 11] . Here, we addressed the possible mutagenic impact of gene conversions between human folate receptor genes. To obtain more data, and for comparison purposes, we also analyzed gene conversions in the folate receptor genes of five other primate species: P. troglodytes (chimpanzee), P. abelii (orangutan), N. leucogenys (gibbon), M. mulatta (rhesus monkey) and C. jacchus (marmoset).
The average size (±standard error) of the 26 conversions detected using the Hsu et al. [16] method is 534 ± 97 nucleotides. This average conversion length is similar to the mean length recently calculated using SNP data from three different human populations (510 ± 34 nucleotides; calculated from Table 2 of ref. [17] ). The average length of the conversions we observed is therefore not unusually short or long. However, the fact that the average size of converted regions from a Fig. 3 . Alignment of the FOLR1 folate receptor genes from six primate species. Shaded areas indicate gene regions that were converted. Underlines indicate amino acid substitutions. Fig. 4 . Alignment of the FOLR3 folate receptor genes from five primate species. Shaded areas indicate gene regions that were converted. Underlines indicate amino acid substitutions. For the marmoset sequence, doubly underlined amino acids are identical to those encoded by the FOLR3P1 sequence and different from those encoded by the FOLR2 sequence, singly underlined amino acids are identical to those encoded by the FOLR2 sequence and different from those encoded by the FOLR3P1 sequence and amino acids underlined with a wavy line are identical to those found in both the FOLR2 and FOLR3P1 sequences. The amino acid sequence of the rhesus FOLR3 gene is not included because it has a frame shift and a sequence which is very different from the FOLR3 genes of other primate species. It is therefore believed to be a pseudogene.
functional donor to another functional donor is significantly smaller than the average size from a functional donor to a pseudogene (p = 0.007) suggests that purifying selection is acting on gene conversions between functional genes.
Gene conversions are surprisingly frequent between primate folate genes. In fact, the frequency of gene conversions, calculated as number of conversions per number of gene pairs compared, is 40%, 40%, 30%, 80% and 117% for the human, chimpanzee, orangutan, rhesus and marmoset folate genes, respectively (Table 1, Supplemental Table 1 ). This is much higher than the average frequency of gene conversion events between the duplicated genes found in the human genome. Using different methodologies, this frequency has been calculated to vary from 0.88% to 12.5% by three different research groups [18] [19] [20] .
The significant correlations between both coding and genomic sequence similarity and the lengths of detected conversions (coding: ρ = 0.64, p = 3.9 × 10 ) are consistent with previous studies in bacterial, yeast and mammalian genes where longer conversions were shown to occur between more similar genes [7, [21] [22] [23] [24] . Here, the largest conversion observed was 1727 bp long and occurred from the human FOLR1 gene to the human FOLR1P1 pseudogene, two sequences which are 91.6% similar at the genomic level (Table 1) . Furthermore, the marmoset FOLR3 gene and FOLR3P1 pseudogene share the highest degree of genomic sequence similarity (96.4% at the genomic level; Table 1 ) and are the sequences which experienced the highest number of conversion events: four gene conversions occurred between them and the length of these conversions ranged from 354 to 1282 bp (Fig. 1, Table 1 ).
The frequent conversions between folate receptor sequences lead not only to higher sequence similarity, but also to higher GC-content. The fact that the average GC-content of converted regions is significantly higher (p = 9.18 × 10 ) than those of non-converted regions is consistent with the biased gene conversion hypothesis which posits that, due to biases in DNA repair mechanisms, higher gene conversion frequencies will lead to higher GC-content [25] [26] [27] [28] . This observation demonstrates that gene conversions are so frequent between the folate receptor genes that they affect their GC-content.
Although we detected a total of 26 gene conversion events in five of the six primate species we studied, most of these conversions had little impact on the phylogeny of these sequences (Table 1, Fig. 2 ). This is in large part due to the fact that most of these genes are larger than 3000 bp long whereas the average size of the conversions is only 534 bp long (Fig. 1, Table 1 ). Such relatively short conversions are therefore not long enough to significantly alter the orthologous relationships of the FOLR genes of the primate species studied here. The only exception is observed in the marmoset, where the three conversions from its FOLR3P1 gene to its FOLR3 gene, totaling 2007 bp in length, caused its FOLR3 gene to group with its FOLR3P1 pseudogene rather than with the orthologous FOLR3 genes from the other five primate species (Fig. 2) . The limited effect of gene conversions on the folate receptor tree topology allowed us to establish the orthologous relationships of these genes using phylogenetic analyses and synteny (Fig. 1) .
Gene conversions have been reported to cause undesirable effects when mutations that have accumulated in pseudogenes are transferred to highly similar functional genes and affect functionally important amino acids (reviewed in Ref. [13] ). The study of De Marco et al. reported clear evidence of such cases in human the folate receptor gene family [8] . They found that, in four unrelated patients, small gene conversion events from the FOLR1P1 pseudogene into the functional FOLR1 gene were responsible for the introduction of mutations in the FOLR1 gene. They also suggested that these frequent pathogenic conversion events were the result of the fact that the FOLR1P1 and FOLR1 share a very high degree of similarity and are located nearby one another on the same chromosome. Interestingly, our analyses did not detect any gene conversions from the human FOLR1P1 pseudogene to the human FOLR1 gene (Table 1, Figs. 1 and 3) . Given the high degree of similarity between these two sequences in all primate species, the fact that gene conversions between FOLR sequences are frequent (see above) and the fact that gene conversion from the FOLR1 gene to the FOLR1P1 pseudogene was observed between human, chimpanzee and rhesus sequences, suggest that, in primates, gene conversion events from the FOLR1P1 pseudogene to the FOLR1 gene are eliminated by purifying selection (Table 1) . This suggestion is supported by the fact that the 738 bp conversion event from the chimpanzee FOLR1P1 pseudogene to its FOLR1 gene did not change any amino acids in the fourth exon of its protein sequence (Table 1, Fig. 3) . In other words, this conversion was not selected against because it had no functional impact. Similarly, in rhesus monkey and marmoset, the conversions from their FOLR3 gene to their FORL1 gene are also likely neutral because they did not change any amino acids (see above). Note that, since we used the consensus sequences from NCBI's primary reference assembly of the human genome, we can assume that the sequence data we used does not contain diseased genes.
Overall, the folate receptor gene with the least number of conversions is the FOLR2 gene. Only two conversions were detected, one spans a small portion of the second exon in human and another in the last exon of marmoset FOLR2 and neither of those caused amino acid Figs. 1 and 5) . Again, this suggests that only gene conversions that caused amino acid changes were eliminated by purifying selection (Fig. 3) . FOLR2 is predominantly expressed in the placental tissues and it has been suggested that mutations within this gene would result in the death of the embryo [5, 8] . Additionally, functional studies of the FOLR2 promoter demonstrated that the promoter region contains a binding sequence crucial to the transcriptional regulation of this gene. For this reason, any conversions carrying mutations to FOLR2, including its promoter region, would be subsequently removed by purifying selection [6, 29] .
In contrast, the highest number of gene conversions was detected between the FOLR3 and FOLR3P1 genes. They converted each other a total of eleven times, five of which involved the conversion of the FOLR3 gene by the FOLR3P1 pseudogene, and were converted by other genes four times. The high frequency of conversion events between FOLR3 and FOLR3P1 is likely the result of the high degree of sequence similarity shared by these two sequences. In all primate species with detected conversions, these two sequences consistently shared the highest sequence similarity (95%, 92.2%, 92.8%, 93.9% and 96.4% at the genomic level in human, chimpanzee, orangutan, rhesus and marmoset, respectively; Table 1 ). All other sequences, except for human FOLR1 and FOLR1P1 which share 91.6% similarity at the genomic level, share a similarity of at most 89% at the genomic level (Table 1 ). Since our results and previous research in bacterial, yeast and mammalian genes have shown that there is a correlation between sequence similarity and the frequency of gene conversions, it is not surprising that these two genes often convert one [7, [21] [22] [23] [24] . In contrast with all other FOLR genes of the other primate species, the FOLR3 gene of marmoset acquired 12 amino acid substitutions from gene conversions from its other FOLR sequences, at least eight of which were acquired from its FOLR3P1 pseudogene. Also, in human, chimpanzee and marmoset, conversions occurred within the promoter region of FOLR3 genes ( Table 1 , Fig. 1 ). This contrasts with the FOLR1 and FOLR2 genes, where conversions were never observed in their promoter regions (Table 1 , Fig. 1) . Furthermore, the rhesus FOLR3 gene has a frame shift and a sequence which is very different from the FOLR3 genes of other primate species (results not shown). It is therefore likely a pseudogene. Finally, the fact that 2007 bp of the marmoset FOLR3 gene was converted by its FOLR3P1 pseudogene, thus introducing several amino acid substitutions, suggests that this gene is under weaker selective constraints than the FOLR1 and FOLR2 genes. Therefore, this gene may not be functionally important in some primate species. The relatively high frequency of gene conversions towards this gene could therefore be the consequence of the weaker selective constraints acting on this gene in some primate species. However, mutations in the human FOLR3 gene have been associated with neural tube defects and, based on the branch lengths of the phylogenetic tree shown in Fig. 2, FOLR3 gene sequences seem to be evolving only slightly faster than those of FOLR1 and FOLR2 [10] .
Finally, the fact that the average size of converted regions from a functional donor to another functional donor is significantly smaller than the average size from a functional donor to a pseudogene (p = 0.007) is also consistent with the suggestion that purifying selection is limiting the impact that gene conversions have on functional genes. Our results are therefore in agreement with previous studies of the effect of gene conversions on the coding sequences of protein coding genes. In fact, gene conversion studies on genes coding for proteins as diverse as opsin genes, protocadherin genes and growth hormone genes all concluded that gene conversions affecting functional sites or regions are selected against [30] [31] [32] [33] [34] .
In summary, our results show that gene conversions having an average of more than 500 bp occurred at least 26 times between the FOLR genes of five primate species. The length of these gene conversions is correlated with sequence similarity and they were so frequent that they increased the GC-content of the converted regions. Despite their lengths and high frequency, these gene conversions did not introduce any mutations in the coding regions or promoter regions of any of the FOLR1 and FOLR2 genes. However, the coding region and promoter regions of the lesser studied FOLR3 gene are frequently converted and these conversions changed many amino acids in marmoset. These results suggest that purifying selection is limiting the functional impact that frequent gene conversions have on FOLR1 and FOLR2 genes, but that these constraints might be weaker for the FOLR3 genes.
Materials and methods
The folate receptor gene families from 6 primate species (H. sapiens, P. troglodytes, C. jacchus, N. leucogenys, P. abelii, and M. mulatta) were downloaded from NCBI (http://www.ncbi.nlm.nih.gov/). Human FOLR1 and FOLR1P1 sequences were used as queries in BLAST to retrieve all genes belonging to the folate receptor gene family. Genes having greater than 60% nucleotide sequence identity in their coding regions were retrieved, as well as all pseudogenes in close proximity to functional genes. Reciprocal BLAST searches were performed using the resulting sequences in other species to ensure that all folate receptor gene family members of at least 60% nucleotide sequence similarity were retrieved.
In order to study the effects of gene conversion in the flanking regions of genes, the complete chromosomal regions containing all folate receptor genes were downloaded using NCBI's primary reference genome assemblies of the 6 studied primate species. These downloaded regions spanned 1000 base pairs before the ATG initiation codon of the first FOLR gene up until 1000 base pairs after the stop codon of the last FOLR gene. The complete list of NCBI Gene IDs and chromosomal ranges of the 26 folate receptor genes analyzed here are listed in Supplementary Table 1 .
All alignments were performed using ClustalW [35] and PRANK (http://www.ebi.ac.uk/goldman-srv/webPRANK/; Ref. [36] ) and were manipulated using BioEdit [37] . The phylogenetic tree was constructed with the maximum likelihood method implemented in PhyML using the following parameters: the HKY85 DNA evolution model, 4 substitution rate categories and 500 replications for bootstrap analyses [38] . The sequence similarity between all FOLR genes of each species was calculated with MEGA 4 [39] using its compute pairwise distance option (i.e., the number of base substitutions per site from between sequences) and the maximum composite likelihood substitution model. Spearman rank correlation tests were calculated using R version 2.15 [40] .
Gene conversions were detected the by Hsu et al. method [16] . This method detects gene conversion events by examining portions of paralogous sequences that share a significantly higher similarity to each other compared to their corresponding orthologs. This method has been shown to outperform all other gene conversion detection methods, including GENECONV [41] . Its higher sensitivity and false discovery rate is in part due to the fact that it uses the phylogenetic relationships of the species being analyzed to detect unusually high similarity between paralogous sequences. This allows it to detect conversions even between highly similar sequences. In contrast, the GENECONV method, being based on the permutation of variable sites, often fails to detect gene conversions between highly similar sequences when it has too few variable sites to permute.
Another useful aspect of this method is that it is capable of detecting gene conversion events between both genes and their flanking regions. Other gene conversion detection software, such as GENECONV, requires alignments as input, making the inclusion of flanking regions problematic since they are often difficult to align.
Supplementary data to this article can be found online at http://dx. doi.org/10.1016/j.ygeno.2013.10.004.
